INTRODUCTION
A large number of natural or synthetic polymers available today have been investigated for their application as biomaterials (Ratner et al., 2004) . Biomaterials are defined as materials which are derived from biological sources or which are used in contact with the human body. Synthetic polymers such as nylon, polyester, polypropylene (PP), and Teflon are used as biomaterials. As a biomaterial first comes into contact with the living body when the material is placed in the biosystem, the performance of the material in the biological environment would need a pertinent combination of surface characteristics and mechanical properties.
The interaction between biological components and the polymer is speculated to be mainly dependent on the physicochemical properties of the material surface, surface free energy, hydrophylicity, and surface morphology (Absolom et al., 1988; van Kampen and Gibbons, 1979; van Wachem et al., 1985) . In general, polymers for industrial use do not always possess proper surfaces required for biomedical applications. A functional biomaterial would need a proper surface chemistry with excellent retention of bulk characteristics (Bures et al., 2001; Kamath and Park, 1994) . Materials have been modified by different methods involving the chemical and radiation routes. A comprehensive list of modification methods is presented in Table 1 (Ratner, 1995) . The table shows that quite different covalent and chemical modification methods exist. The covalent method offers a more stable modified surface as compared to other methods. Graft modification is one such method that provides covalent modification of materials with the creation of interesting architecture. In this review article, the description is focused on plasma and radiation-induced graft modification of the polymer surface and/or bulk to attain biocompatibility and/or antimicrobial activity. Plasma and gamma ray are used for sterilization as well, and both mechanisms are partily identical, i.e., the association of radical to the target material. Argon (Ar) plasma produce radicals which is the sama as gamm-ray and O2 plasma produce OH or OOH radical to produce OH functional *Corresponding author . Tel: +81-3-3700-9268, Fax: +81-3-3707-6950. This list is cited from the paper by Ratner (1995) .
group on the polymer surface. NH3 plasma produce NH2 functional group on the polymer surface (Hayat et al., 1992; Yeh et al., 1988) .
Plasma modification Plasma modification of polymers is an extremely useful procedure of tailoring a polymer into the desired material by selective creation of the chemistry and molecular structure on the surface. For example, in polyethylene (PE) films, treatment with ammonia or nitrogen/hydrogen plasma leads to the amination of the surface for the subsequent immobilization of protein via covalent coupling of glutaldehyde (Hayat et al., 1992; Shintani, 1991 Shintani, , 1994 Shintani, and 1986 . The biomaterial scientists have studied either by using the direct or the indirect method. In the direct procedure, the monomer is exposed to very mild plasma environment (plasma deposition or plasma polymerization) in the presence of a polymer surface. In the indirect procedure, the polymer is exposed to the plasma and the activated surface is treated with a monomer, which initiates the graft polymerization (plasma grafting) (Hayat et al., 1992; Yeh et al., 1988) .
According to the study done by Yeh et al. (1988) , a wide range of monomers including both the aliphatic and fluorinated monomers have been utilized for the polymerization. The surface properties are altered by the plasma exposure, i.e., to be less thrombogenic in nature. In graft polymerization a definite thickness on the surface is modified with significant alteration in the surface morphology depending on the degree of grafting (Hsiue et al., 1993; Sharma et al., 1987) .
The plasma polymerization of acrylic acid leads to highly crosslinked films on the surface and is less thrombogenic in nature than the untreated PE surface. The polyethyelene terephthalate (PET) surface may also be modified by plasma-induced graft polymerization of acrylic acid (Gupta et al., 2001) . The exposure of the film to oxygen plasma leads to the formation of peroxide and hydroperoxide groups. The modified surface contains a host of such polar functionalities and initiates the grafting of acrylic acid by decomposition of hydroperoxides at an elevated temperature. The degree of grafting is considerably influenced by the plasma exposure parameters. They are plasma power, pressure, exposure time, and the reaction conditions involving monomer concentration and reaction time. The monomer concentration has profound influence on the degree of grafting (Gupta et al., 2001) . The grafting increases with the increase in the acrylic acid concentration, reaches a maximum, and then tends to decrease (Lee et al., 1994) . The trend in grafting typically represents a gel effect probably due to the viscosity enhancement and the lack of termination of growing chains (Lee et al., 1994) .
Modification of polyurethanes (PU) as a material in contact with blood is achieved by coating the polymer surface with heparin as the most suitable biomolecule that avoids thrombogenesis. The immobilization requires a functionalized surface that may offer sites for the heparin bonding (Table 2) (Bae et al., 1999) . Even though the magnitude of peroxidation would depend on the nature of the polymer, the oxidative functionality is sufficient for the initiation of the grafting of acrylic acid and methyl acrylate on the PU surface (Bae et al., 1999; Kang et al., 1996) . Since a sufficient amount of carboxyl groups is fixed at the PU surface, these groups may be directly used for the reaction with heparin (Bae et al., 1999) . The carboxyl groups offer sites for the coupling with amino group terminated polyethylene oxide (PEO) where they are directly used for the interaction with heparin by the carbodiimide activation method.
PEO is a non-toxic water-soluble polymer which is extensively used for biomedical applications. PEG resists the adsorption of plasma proteins because of their strong hydrophilicity, chain mobility, and lack of ionic charge (Lee et al., 1989) . The PEO immobilization on any polymer surface would result in the decrease in protein adsorption and platelet adhesion. This versatile nature of PEO has led to many studies not only on the preparation of PEO derived surfaces but also on the subsequent uses of these surfaces as biomaterials (Desai and Hubbell, 1991; Fujimoto et al., 1993; Gombotz et al., 1991; Ko et al., 2001) . If the PEO layer itself adheres only onto the normal material surface, it may be washed off because of the absence of any rigid binding between the two surfaces., i. e. covalent or ionic binding. Therefore, covalent immobilization of PEO has been carried out either by grafting PEO molecules onto a base polymer or by grafting a monomer bearing pendant PEO groups.
Radiation-induced modification As the other technique for polymer modification, radiation-induced graft polymerization has been extensively used. The radicals are created uniformly across the bulk of the material so that the modification becomes uniform across the matrix. Moreover, the graft densities may be easily controlled by proper selection of the irradiation and synthesis conditions. One of the major attractions and advances of this modification is that the biomaterial thus produced is highly pure as no initiator or related impurities remain in the matrix. The development of biomaterials based on the radiation grafting process has been studied (Hoffman et al., 1972) .
Since blood compatibility involves the surface of the material that induces thrombogenesis, proper tailoring of the surface would be beneficial in improving biocompatibility without altering the bulk properties of biomaterials. PEO is a material with significantly high blood compatibility. The nonspecific protein adsorption on PEO surfaces is minimized because of the absence of any partial charges, high hydrophilicity and chain mobility (Lee et al., 1989) . The low affinity of PEO for proteins and other blood components has stimulated many investigators to study the interaction between blood and PEO-based biomaterials (Brinkman et al., 1990; Han et al., 1991) . The PEObiomaterial is obtained from a PE precursor modified by graft polymerization of polyethyleneglycol methacrylate (PEGMA) by the pre-irradiation method. The degree of grafting is dependent on the temperature and a lower temperature is more effective. The reason is that at lower temperatures the segmental mobility is so low that the free radicals that are produced during the irradiation remain trapped within the matrix.
Radiation-induced cografting of PEGMA and methoxypolyethyleneglycol methacrylate (MPEGMA) with hydroxyethyl methacrylate (HEMA) onto silastic films has been carried out to produce non-fouling polymer surfaces (Sun et al., 1986) . The extent of grafting is influenced by the monomer concentration and the relative composition of the two monomers. An increase in the polyethylene glycol (PEG) monomers in the mixture leads to the decrease in the grafting because of the low reactivity of the PEG monomers as compared to HEMA (Sun et al., 1986) . It is important to note that the molecular weight of the PEG unit in the monomer influences the degree of grafting significantly. The grafting yield decreases with the increase in the PEG molecular weight in a monomer. This decrease is confined to a repeated unit of 20, beyond which a plateau in the graft level is attained (Sun et al., 1986) . The decrease in grafting is associated with a steric effect of the long polymer chain. The shielding by the PEG group may also lead to the lower graft yields.
A morphological investigation on the biomaterial surface shows that, at low graft levels, the grafts are confined more to the surface leaving behind the bulk more or less intact. Once the grafting increases on the surface, the thickness of the grafted layer also increases. This is due to the fact that the grafting proceeds by a so-called diffusion controlled mechanism where the initial grafting takes place at the surface only and proceeds further by progressive diffusion of monomer through the medium swollen grafted layers by gamma ray (Gupta and Anjum, 2000) . It has been observed that grafted monomer forms a distinct phase within the polymer matrix and may lead to the incompatibility and surface nonhomogenity depending on the extent of grafting.
The grafting of non-PEG monomers such as acrylamide and HEMA has also been carried out on (Tomita et al., 1994) . In the study of the material of sutures and prosthetic devices, specific monomers have been grafted onto these materials. Hydrogels are good candidates for biomedical applications because of their excellent capacity to swell in aqueous media, which provides a continuous path for permeation and diffusion of low molecular weight metabolites in tissues. However, hydrogels show very weak mechanical characteristics in the swollen state, so their application as a suture material is restricted. One of the ways to have hydrogels for biomedical application is to graft them on polymer supports such as PET, Nylon, and PP. As a result, one can achieve a surface where the bulk properties of the polymer would be retained to a large extent and the hydrogel surface would present appropriate biocompatibility. Several studies have been carried out on the radiation-induced grafting of such monomers as HEMA, acrylic acid, acrylamide, and Nvinylpyrrolidone onto inert polymers to produce a material with the surface properties of a hydrogel and with better mechanical properties (Cohn et al., 1987; Ratner et al., 1978) .
The development of antimicrobial sutures is a step further in the area of biomaterials. The main drawback of braided sutures is the growth of bacteria in the interspaces between filaments, which causes infection (Alexander et al., 1967) . The grafting of polar or ionic monomers onto these braided sutures may lead to a surface with ionic functionality where a suitable drug may be immobilized. Antimicrobial silk sutures have been developed by the grafting of methacrylic acid (MAA) onto braided multifllaments and the subsequent immobilization of the 8-hydroxyquinoline (HQ) drug on the grafted surface (Table 3) (Singh and Tyagi, 1989) . As the degree of grafting increases, the drug loading on suture increases because of the increased interaction between the carboxyl groups and the drug. The antimicrobial activity of these sutures against various bacteria as measured by the zone of inhibition shows that the sutures possess effective antimicrobial characteristics. The grafting of silicone elastomer (SE) with polyvinylpyrrolidone (PVP) prolonged the antimicrobial activity compared with antibioticsoaked-SE (Table 4) (Boelens et al., 2000) . Sherertz et al reported that chlorhexidine-coated catheters producing zones of inhibition with a diameter of >15 mm against Staphylococcus aureus prevented subcutaneous catheter-associated infection in rabbits (Sherertz et al., 1993) . They also reported the antibiotic-coated PU caterthers could decrease the S. aureus greater than 103.5 CFU compared with control (P<0.05) (Sherertz et al., 1989) . A similar study on Segments were soaked in solutions of maximal soluble concentration of various antibiotics, preincubated in agar for different periods, removed and subsequently placed in TSB containing 108 cfu/mL for 3 h. a Exposed to S. capitis strain AMC2. b Exposed to S. epidermidis strain AMC1. Data are cited from the paper by Boelens et al. (2000) .
antimicrobial activity was carried out by Bassetti et al using chlorohexidine-silver sulfadiadine-coated catheters to work against several sorts of microorganisms (Bassetti et al., 2001) .
Prevention of biofilm (Jansen and Kohnen, 1995) and bacterial adhesion (Jansen, 1990 ) was attained using modified polymers. In the former, biofilm formation by Staphylococcus epidermidis was successfully prevented using polymers treated with glow discharge. In the latter, radiation or glow discharge techniques were applied to the modification of the polymer surface.
Nylons have also been modified by graft polymerization of acrylic acid so that the carboxylic acid groups may be used to immobilize antibiotics such as penicillin and gentamycin which introduces the antibacterial property in relation to Gram positive and Gram negative bacteria (Buckenska, 1996) . The metallic complexes of polymeric material have been observed to extend antimicrobial behavior (Park et al., 1998) . In such cases, the functionalized surface such as polypropylene-g-polyacrylic acid produced by preirradiation grafting forms a complex with metallic salts. The complexation occurs with the carboxylic group and the surface behaves as an antimicrobial material by ionic interaction.
As mentioned so far, it can be said that both plasma and high energy radiation are being used for the selective introduction of chemical functionality. Plasma-induced graft polymerization is an innovative 
